Many of the known hot Jupiters are formally unstable to tidal orbital decay. The only hot Jupiter for which orbital decay has been directly detected is WASP-12, for which transit timing measurements spanning more than a decade have revealed that the orbital period is decreasing at a rate of dP/dt ≈ 10 −9 , corresponding to a reduced tidal quality factor of about 2 × 10 5 . Here, we present a compilation of transit-timing data for WASP-12 and eleven other systems which are especially favorable for detecting orbital decay: 19, 43, 72, 103, 114, and 122; HAT-P-23; HATS-18; and OGLE-TR-56. For most of these systems we present new data that extend the time baseline over which observations have been performed. None of the systems besides WASP-12 displays convincing evidence for period changes, with typical upper limits on dP/dt on the order of 10 −9 or 10 −10 , and lower limits on the reduced tidal quality factor on the order of 10 5 . One possible exception is WASP-19, which shows a statistically significant trend, although it may be a spurious effect of starspot activity. Further observations are encouraged.
INTRODUCTION
The discovery of 51 Pegasi b, the first known hot Jupiter, was announced nearly a quarter of a century ago (Mayor & Queloz 1995) . Now, there are several hundred confirmed hot Jupiters listed in the NASA Exoplanet Archive. 1 Many questions remain unanswered about how these short-period gas giants formed and came to occupy orbits so close to their host stars (Dawson & Johnson 2018) .
The future of these planets is also uncertain. Theoretically, it is straightforward to show that the orbits of many of the known hot Jupiters should be slowly shrinking, due to tidal interactions between the star and planet, and the accompanying long-term dissipation of energy and transfer of angular momentum from the orbit to the star (Rasio et al. 1996;  1 https://exoplanetarchive.ipac.caltech.edu/ Sasselov 2003; Levrard et al. 2009 ). Tidal evolution should eventually lead to planet engulfment if the orbital angular momentum is too low to allow the star to achieve spin-orbit synchronization (Hut 1980) . However, the timescale of the process is unknown and difficult to calculate theoretically, because of our incomplete understanding of the physical processes by which the energy of tidal oscillations is ultimately converted into heat (Ogilvie 2014) . The dissipation rate depends on the mass and orbital period of the planet, and probably also on the interior structure of the star, e.g., whether the star has a thick convective envelope, or a convective core (Barker & Ogilvie 2010; Essick & Weinberg 2015; Weinberg et al. 2017) .
Population studies have provided some evidence that orbital decay does occur on astrophysically relevant timescales. Some examples are the scarcity of gas giants with periods less than a day (see, e.g. Jackson et al. 2008; Hansen 2010; Penev et al. 2012; Ogilvie 2014) , the anomalously rapid rotation of some hot-Jupiter host stars (Penev et al. 2018 ) and the rarity of hot Jupiters around subgiant stars (Villaver & Livio 2009; Hansen 2010; Schlaufman & Winn 2013) . Tidal decay might also be responsible for the lower occurrence of close-in planets around rapidly rotating stars (Teitler & Königl 2014) , or the realignment of stars and their planetary orbits (Matsakos & Königl 2015) .
The goal of the work described in this paper is to seek more direct evidence for tidal orbital decay through long-term timing of the transits of hot Jupiters. These types of observations have already led to the detection of an apparent period decrease in the WASP-12 system (Maciejewski et al. 2016; Patra et al. 2017; Yee et al. 2020) . Another candidate that recently emerged is WASP-4 (Bouma et al. 2019) , although in that case, the evidence is not as compelling.
This paper is organized as follows. Section 2 describes our compilation of other promising candidates for detecting orbital decay. Section 3 presents new transit-timing data for many of these systems, and Section 4 presents analyses of all the available data. Section 4 also revisits the WASP-12 system, to address a nagging concern that the apparent timing anomalies are actually systematic errors due to unmodeled starspots affecting the transit light curve. Since this type of systematic error would likely be chromatic, we undertook multicolor photometry of several transits. Section 5 summarizes the results.
2. TARGET SELECTION For the simple and traditional model of tidal interactions in which the equilibrium tidal bulge is tilted away from the line joining the planet and star by a small and constant angle, the rate of change of the orbital period is
where Q is the "reduced tidal quality factor," a dimensionless number 2 quantifying the stellar tidal dissipation rate; M p and M are the planetary and stellar masses; R is the stellar radius; and a is the orbital radius. This expression is based on the assumptions that the orbit is circular, the star's angular velocity is much smaller than the orbital angular velocity, and the tidal dissipation within the planet can be neglected. It can be obtained by applying Kepler's third law to Equation (20) of Goldreich & Soter (1966) or Equation (12) of Ogilvie (2014) . This theory is undoubtedly oversimplified, and the dissipation by dynamical tides may be more important than the equilibrium tides. Nevertheless, the dependence on the mass ratio and the strong dependence on orbital separation are generic features of tidal theories. Therefore, to select good candidates for detecting orbital decay, we ranked the known transiting planets according to the value of (M p /M )(R /a) 5 , which is proportional to dP/dt according to Equation (1).
We restricted the sample to host stars brighter than V = 14.5 to make observations practical with meter-class telescopes, although we made an exception for OGLE-TR-56 (V = 16.6) because of the long time interval over which data are available. We also made a distinction between "hot" and "cool" stars, with the dividing line at T eff = 6000 K. This is because tidal dissipation is expected to be more rapid in cool stars, due to their thicker outer convective envelopes -although it is worth noting that the rapidly decaying hot Jupiter WASP-12 has a host star with T eff > 6000 K (Hebb et al. 2009; Torres et al. 2012; Mortier et al. 2013) . Figure 1 displays the values of the key parameters M p /M and a/R for the known transiting planets, with hot and cool stars depicted in different colors. Some contours of constant P/Ṗ are labeled with the predicted decay timescale according to Equation 1, assuming a nominal value of Q = 10 6 .
We decided to focus on a dozen objects: the 5 top-ranked hot stars, and the 7 top-ranked cool stars. They are circled and identified in Figure 1 , and listed in Table 1 . The list includes some stars that have been observed for a decade, for which we might hope to detect orbital decay in the near term, and others that were more recently discovered, for which we wanted to establish anchor points for future monitoring. We limited the sample to a dozen objects simply to keep the project manageable in scope. There are other systems that are very nearly as good that we do not describe in this paper, but that are also worth further attenton in the future: HATS-70b, WASP-167b, CoRoT-14b, WASP-173b, WASP-87b and HAT-P-7b, to name a few.
3. OBSERVATIONS OF NEW TRANSITS Transits of KELT-16b, WASP-103b, HAT-P-23b, and WASP-114b were observed with the 1.2m telescope at the Fred Lawrence Whipple Observatory (FLWO) on Mount Hopkins in Arizona. Time-series photometry was performed using images from the KeplerCam detector and a Sloan rband filter. The field of view of this camera is 23.1 arcmin on a side. We used 2 × 2 binning, giving a pixel scale of 0.68 arcsec. Transits of WASP-19b, WASP-43b, WASP-18b, WASP-72b and HATS-18 were observed with the 0.6m TRAPPIST-South telescope at Observatorio La Silla, Chile Jehin et al. 2011) . TRAPPIST-South is equipped with a 2048×2048 pixels FLI Proline PL3041-BB CCD camera with a field of view of 22 arcmin on a side, giving a pixel scale of 0.64 arcsec. Two additional transits of WASP-43b were obtained with the TRAPPIST-North telescope at the Oukaimeden Observatory, Morocco (Barkaoui et al. 2019) . It is a twin telescope in the Northern hemisphere equipped with a 2000×2000 deep-depletion Andor IKONL BEX2 DD CCD camera with a pixel scale of 0.60 arcsec and an on-sky field of view of 20 arcmin. Transits of OGLE-TR-56b were observed with the 6.5m Magellan Clay Telescope at Las Campanas Observatory in Chile. Multi-color transits of WASP-12b were observed by the MuSCAT camera on the 1.88 m telescope at the Okayama Astrophysical Observatory in Japan (Narita et al. 2015) .
For transits observed before March 2018, raw images were processed by performing standard overscan correction, de- biasing, and flat-fielding with IRAF. 3 For transits observed thereafter, we used AstroImageJ [AIJ; Collins et al. (2017) ] to perform these same steps. The observation time-stamps were placed on the BJD TDB time system using the time utilities code of Eastman et al. (2010) . Aperture photometry was performed for each target and an ensemble of about 8 comparison stars of similar brightness. The reference signal was generated by summing the flux of the comparison stars. The flux of the target star was then divided by this reference signal to produce a time series of relative flux. This procedure was performed for many different choices of the aperture radius, and the final radius was selected to give the smallest possible scatter in the relative flux of the target star, outside of the transits. After each time series was normalized to have unit flux outside of the transit, we fitted a Mandel & Agol (2002) model to the data from each transit. The parameters of the transit model were the mid-transit time, the planet-to-star radius ratio (R p /R ), the scaled stellar radius (R /a), and the impact parameter [b = a cos i/R ]. For given values of R /a and b, the transit timescale is proportional to the orbital period [see, e.g., Equation (19) of Winn (2010) ]. To set this timescale, we held the period fixed at its most recent measurement for each target, although the individual transits were fitted separately with no requirement for periodicity. To correct for differential extinction, we allowed the apparent magnitude to be a linear function of airmass, giving two additional parameters. The limb darkening law was assumed to be quadratic, with coefficients held fixed at the values tabulated by Claret & Bloemen (2011) for each target star with its spectroscopic properties adopted from the corresponding discovery paper. To interpolate the tables, we used the online tool built by Eastman et al. (2013) . 4 To determine the credible intervals for the parameters, we used emcee, an affine invariant Markov Chain Monte Carlo (MCMC) ensemble sampler code written by Foreman-Mackey et al. (2013) . The transition distribution was proportional to exp(−χ 2 /2) with the new light curves and the best-fitting models. Table 2 presents the new transit times for all observed targets.
In addition, to extend the time baseline as far as possible, we looked for any pre-discovery transit detections in the database of the All Sky Automated Survey [ASAS; Pojmanski (1997) ]. We considered only the data having a quality grade of A or B (good to average quality). We converted the time stamps from HJD UTC to BJD TDB using the online applet of Eastman et al. (2010) . Different datasets were normalized to the same median magnitude and a "best aperture" column was produced that gave the lowest scatter. Outliers were removed by 5-σ-clipping. To retrieve the transit signal, the time-series was phase-folded using the discovery epoch and orbital period. The only case for which we detected a significant transit dip was WASP-18, shown in Figure 2 . The transit was fitted with a model following an identical procedure used for other planets. fitted the transit data drawn from the literature for the sake of homogeneity. We note that their reanalyzed times differ from the originally reported times by several minutes in some cases (see below for more details). Table 3 presents the transit times for all targets.
We fitted two models to the timing data. The first model assumes a constant orbital period: model assumes a constant period derivative:
We determined the best-fitting parameters and their un- Figure 26 and 20 represents the 1-σ range of uncertainty in the constant-period model. planet's mass is large enough that the system is not formally unstable to tidal decay, although the period may be shrinking as the system approaches synchronization. Wilkins et al. (2017) (Ricker et al. 2015) , adding high-precision transit times to the existing ephemeris.
We compiled and analyzed the available transit timing data, shown in Figure 16 . The best-fitting orbital decay (2018) has been further weakened with the inclusion of the TESS data. Due to a lack of conclusive evidence for orbital decay, we can set a 95%-confidence lower limit on Q of (1.7 ± 0.4) × 10 6 . Here and elsewhere, this limit was obtained by calculating the 95%-confidence limit on dP/dt and then applying Equation (1) to convert it into a limit on Q . The uncertainty of 0.4 is based on the propagation of the uncertainties in M p /M and a/R from Table 1. Our result for WASP-18 is consistent with the 2-σ limit Q > 10 6 derived by Wilkins et al. (2017) .
The refined transit ephemeris is t tra (E) = 2458022.12523(02) BJD TDB + E × 0.941452425 (22) The best-fit orbital decay model results in dP dt = −(0.6 ± 1.4) × 10 −9 , consistent with a constant period. The lack of a decreasing period allows us to limit the reduced tidal quality factor to Q > (0.9 ± 0.2) × 10 5 with 95% confidence. We refined the constant-period ephemeris to t tra (E) = 2457910.03913(11) BJD TDB + E × 0.96899319(30) days.
3. WASP-103 b is a 1.5 M Jup planet in a 0.93-day orbit around a late F star (Gillon et al. 2014 ). Maciejewski et al. (2018) presented several new transit times and also reanalyzed light curves available in the literature. We present 4 new transits of WASP-103b which, along with times from Maciejewski et al. (2018) , are shown in Figure 18 . The best-fit orbital decay model results in dP dt = (8.42 ± 3.95) × 10 −10 . Note the positive period derivative, which could be a statistical artifact or the sign of a period change due to some other reason (such as a third body in the system, or apsidal precession). Treating the result as a non-detection of orbital decay, we can constrain the tidal quality factor to be Q > (1.1 ± 0.1) × 10 5 with 95% confidence. We refined the linear ephemeris to t tra (E) = 2456836.29630(07) BJD TDB + E × 0.925545352(94) days. 4. WASP-12 b is a 1.5 M Jup planet in 1.1-day orbit around a star that appears to be a late F main-sequence star, but could also be a subgiant (Hebb et al. 2009; Weinberg et al. 2017) . Maciejewski et al. (2016) reported the first indication of a systematic quadratic deviation from a constant-period model. Patra et al. (2017) confirmed the aforementioned result and found the rate of period change to be −29±3 ms yr -1 . 5 The implied tidal quality factor is Q ≈ 2 × 10 5 . Although both sets of authors pointed out that the available data might also be explained by the apsidal precession of the orbit, Yee et al. (2020) found that the interval between the measured times of occultations has also been shrinking, which is evidence in favor of orbital decay. measured to be λ = 59 +15 −20 deg. The sky-projected rotation velocity v sin i is less than 2.2 km s −1 , which is unusually low for an F-type star (Albrecht et al. 2012; Hebb et al. 2009 ), and suggests that our line of sight may be nearly aligned with the stellar rotation axis. This made us wonder if the measured transit times are being thrown off from the true values due to stellar activity. A slowly-varying spot pattern near one of the rotation poles could lead to a persistent deformity of the transit light curve, which would manifest itself as a perturbation in the fitted transit time. A long-term ac-tivity cycle might cause this perturbation to gradually change amplitude, leading to a spurious detection of a change in orbital period. We decided to test for this effect by observing the same transit at different wavelengths. Starspot activity is generally chromatic. If the apparent transit time appears to vary with wavelength, that would be a sign of systematic errors due to stellar activity.
We used the multicolor camera on MuSCAT to observe transits simultaneously in three different filters: g , r , and z . Transits were observed on 2017 Jan 27, 2018 Feb 12, and 2018 Feb 13, although in practice we used only the g and r data because of the relatively lower quality of the z data. All the light curves were fitted independently. Along with the transit model, we also fitted for linear functions to decorrelate the apparent magnitude with the X and Y positions of the target star on the CCD, and on the airmass. Figures 6, 7 and 8 show the light curves and the best-fit transit models. Figure 19 shows the positions of these mid-transit times among all other timing residuals.
For epoch 1352, the r and g times differ from each other by 3-σ. However, we do not ascribe too much significance to this discrepancy, because on this night there were very large transparency variations during egress and several data points had to be excluded as large outliers. The other two transits were obtained in good weather and the results show good agreement between the transit times measured in the two bands, as well as consistency with the previously established trend of a shrinking period. Thus, there is no indication that the transit timing deviations are chromatic, although we do intend to continue multicolor observations to check further.
5. HATS-18 b is a 2 M Jup planet in a 0.84-day orbit around a G star Penev et al. (2016) . Since there are only three available data points, we were not able to perform a meaningful search for period changes, although we were able to reduce the uncertainty in the orbital period by a factor of two. The up-to-date ephemeris is t tra (E) = 2457089.90665(25) BJD TDB + E × 0.83784309(28) days.
6. WASP-19 b is the shortest-period hot Jupiter yet dis-covered, with a period of 0.78 days (Hebb et al. 2010) . The planet has a mass of 1.1 M Jup and orbits a star very similar to the Sun in mass. We have added 3 new transit times to the existing collection. The timing residuals are shown in Figure 21 .
The best-fitting orbital decay model results in dP dt = −(2.06 ± 0.42) × 10 −10 , equivalent to −(6.5 ± 1.3) ms yr −1 . If the orbit is indeed decaying, the implied tidal quality factor is Q = (5.0 ± 1.5) × 10 5 . For comparison, WASP-12 has a period derivative of − (29 ± 3) ms yr -1 and a reduced tidal quality factor of (1.6 ± 0.2) × 10 5 . Formally, the period change of WASP-19 b is stastically significant. However, we are cautious because the data are relatively scanty in comparison with WASP-12 b, and there appears to be a lot of scatter. Two of our new transit times, in particular, deviate from the best-fitting model by more than 1-σ.
Both Mancini et al. (2013) and Espinoza et al. (2019) attributed some previously noted timing inconsistencies to starspot activity. In several cases, an anomaly in the light curve was clearly detected. For this reason, we believe that further observations are required to determine if there is a indeed a departure from constant period. In the meantime, we have refined the linear ephemeris for transits to be t tra (E) = 2456021.70390(02) BJD TDB + E × 0.788839300(17) days.
7. OGLE-TR-56 b is the most challenging target in our list to observe because of the relatively faint star (V = 16.6). On the other hand, it is one of the earliest discovered transiting exoplanets, which means that there is an unusually long time baseline over which data are available. The discovery of this planet also inspired some early attempts to model tidal orbital decay (see, e.g., Sasselov 2003; Carone & Pätzold 2007) . Adams et al. (2011) performed a major transit-timing study based on 21 light curves. To this, we have added one new transit time in 2017, more than 6 years later. The timing residuals are shown in Figure 22 . We do not find significant evidence for orbital decay. The best-fit orbital decay model results in dP dt = (3.34 ± 1.49) × 10 −10 , a weak period increase. Treating this result as a null detection, we conclude that Q > (7.0 ± 2.1) × 10 5 with 95% confidence. The updated linear ephemeris is t tra (E) = 2453936.60063(14) BJD TDB + E × 1.21191123(16) days.
8. HAT-P-23 b is a 2.1 M Jup planet in a 1.2-day orbit around a G dwarf (Bakos et al. 2011) . Maciejewski et al. (2018) presented several new transit times and renanalyzed some light curves drawn from the literature. Their revised transit times differ from those reported by Ciceri et al. (2015) by several minutes, for unknown reasons. We have adopted their rean- alyzed transit times, figuring that the more homogeneous analysis was preferable. To these data, we have added 3 new transit times. The timing residuals are shown in Figure 23 .
The best-fit orbital decay model results in dP dt = (1.47 ± 1.48) × 10 −10 , consistent with a constant period. The lack of orbital decay in HAT-P-23b allows us to place a lower limit of Q > (6.4 ± 1.9) × 10 5 with 95% confidence. We refined the linear ephemeris to t tra (E) = 2456129.43472(09) BJD TDB + E × 1.212886411(72) days. 9. WASP-72 b was discovered by Gillon et al. (2013) . It is a 1.5 M Jup planet in a 2.2-day orbit around an F star. We have added 2 new data points to the existing collection. Because WASP-72 has a transit depth of only 0.42%, the timings have relatively low precision.
The best-fit orbital decay model results in dP dt = −(5.7 ± 9.2) × 10 −9 , consistent with a constant period. WASP-72 has not been observed for long enough for us to put an interesting limit on the tidal quality parameter. The available data lead to the relatively weak constraint of Q > (2.1 ± 1.4) × 10 3 with 95% confidence. We can, 10. WASP-43 b, a 2 M Jup planet in an 0.8-day orbit around a K dwarf, was discovered by Hellier et al. (2011) . Since then, it has had an interesting story as far as orbital decay is concerned. Jiang et al. (2016) reported a detection of period shrinkage with dP dt = −29 ± 7 ms yr −1 , nominally a 4-σ detection. However, in the same year, Hoyer et al. (2016) ruled out orbital decay at that rate based on additional transit obser-vations. Stevenson et al. (2017) added 3 transits observed with the Spitzer Space Telescope and found no evidence for orbital decay. We have significantly increased the time baseline by adding 3 new transits. In Figure 25 , we compile the transit times after removing some data points based on incomplete transits. We find dP dt = (1.9 ± 0.6) × 10 −10 . It appears the period of WASP-43 has increased slightly, although there are a lot of outlying data points. Whether this is just a statistical fluke will be clearer after more observations in the future. Assuming that the period is not changing, we can set a limit of Q > (2.1 ± 1.4) × 10 5 with 95% confidence. The refined linear ephemeris is t tra (E) = 2456342.34259(01) BJD TDB + E × 0.813474059(29) days. 11. WASP-114 b is a 1.8 M Jup planet in 1.5-day orbit around a star somewhat hotter and more massive than the Sun. It was discovered recently, by Barros et al. (2016) . The single new transit observed at FLWO is the only follow-up observation that has been reported.
Since there are only two points in the timing residuals plot, it does not make much sense to fit an orbital decay model. The red band in Figure 26 , therefore represents the 1-σ uncertainty on the linear ephemeris, which we calculate to be t tra (E) = 2456667.73661(21) BJD TDB + E × 1.548777461(81) days.
12. WASP-122 b is a 1.3 M Jup planet in a 1.7-day orbit around a G star. It was discovered by Turner et al. (2016) . Unfortunately, we were not able to obtain any new data, so we present it here simply to call attention to its favorable properties and its place in the "top dozen" systems to watch for orbital decay.
5. SUMMARY In this paper, we have drawn up a list of exoplanets that provide the best opportunities to detect orbital decay, according to a simple metric. We presented new transit times for 11 of those exoplanets. Except for the case of WASP-12, we do not see convincing evidence for a period change in any other system. There is some evidence for a decreasing period in WASP-19, but the data are sparse and there are some deviant data points, along with some indications that stellar activity is causing systematic errors in the transit times. This is nevertheless a good system to continue monitoring because of its extremely short period. The non-detections of orbital decay allows us to constrain the tidal quality factor for the star, the strongest limit being obtained for WASP-18: Q > (1.7 ± 0.4) × 10 6 with 95% confidence. Table 4 provides a summary of the best-fit parameters for all objects along with limits on Q . This is a unique time for studying orbital decay of exoplanets. The TESS mission is now underway. The main mission is to perform a nearly all-sky survey for new transiting planets. Christ et al. (2018) discussed the prospects for TESS in detecting orbital decay of Kepler planets, in particular, finding that there are at least a few systems that offer good prospects. In the course of the survey, TESS will also revisit almost all of the hot Jupiters that were previously discovered in wide-field surveys, including the dozen objects highlighted in this paper. This may lead to additional detections of period changes, or at the very least a helpful refinement in the transit ephemerides. (04) 1.091420087(46) (−9.97 ± 0.83) × 10 −10 = (1.6 ± 0.2) × 10 5 HATS-18 2457089.90665(25) 0.83784309(28) · · · · · · · · · · · · WASP-19 2456021.70390(02) 0.788839300(17) 2456021.70395(02) 0.788839420(31) (−2.06 ± 0.42) × 10 −10 = (5.0 ± 1.5) × 10 5 OGLE-TR-56 2453936.60063(14) 1.21191123(16) 2453936.60059 (14) 1.21191089(23) (3.34 ± 1.49) × 10 −10 > (7.0 ± 2.1) × 10 5 HAT-P-23 2456129.43472(09) 1.212886411(72) 2456129.43466(11) 1.21288633 (11) (1.47 ± 1.48) × 10 −10 > (6.4 ± 1.9) × 10 5 WASP-72 2455583.6552(11) 2.2167360 (27) 2455583.6542 (20) 2.216742(11) (−5.7 ± 9.2) × 10 −9 > (2.1 ± 1.4) × 10 3 WASP-43 2456342.34259(01) 0.813474059(29) 2456342.34259(01) 0.813474024(31) (1.9 ± 0.6) × 10 −10 > (4.4 ± 0.3) × 10 5 WASP-114 2456667.73661(21) 1.548777461(81) · · · · · · · · · · · · WASP-122 2456665.22401 (21) 1.7100566(29) · · · · · · · · · · · · Table 4 . Summary of best-fit parameters and Q . The lower limits on Q are based on the 95%-confidence lower limits on dP/dt, and the quoted uncertainties come from propagating the errors in Mp/M and a/R .
